Electrochemical synthesis of the copolymer of aniline with dithiodianiline, an aniline derivative containing-S-S-links in it, was carried out in 2 M H 2 SO 4 by cyclic voltammetry ͑CV͒. In addition, CV was used to evaluate the differences between the electrochemical characteristics associated with growth of the copolymer and polyaniline ͑PANI͒. The deposition of copolymeric film was evident from the observed changes in growth rate, redox potentials, and transport mechanisms of deposited films in contrast to PANI. Plausible reaction schemes are proposed on the basis of CV results for the copolymerization. This involves the possible branched structure for the copolymer and corroborated with other characterizations. X-ray photoelectron spectroscopy and scanning electron microscopy were used to determine the nitrogen and sulfur content and the morphological behavior of the copolymer, respectively. The results show that the copolymer possesses a different charge transport mechanism in films and a branched structure as a consequence of incorporation of DTDA units resulting in -S-S-links in the polyaniline structure.
Polyaniline ͑PANI͒ is recognized to be an air-stable organic conducting polymer with interesting electrochemical properties for development of lightweight batteries, 1 electrochromic display devices, 2 microelectronic devices, 3 actuators, 4 corrosion inhibitors to protect semiconductors and metals 5 and light-emitting devices. 6 A close analysis of literature reveals that post-treatment of the base form of PANI, 7 electrochemical or chemical homopolymerization of aniline derivatives, 8 and copolymerization of aniline with ring or N-substituted aniline derivatives 9, 10 have been employed successfully to improve properties of PANI.
PANI-type polymeric units on substitution with sulfur-containing groups show significant improvement in properties over PANI itself, 11 specifically: stability, solubility, and redox behavior. The incorporation of sulfonic acid, -SO 3 H, in PANI to produce sulfonated polyaniline ͑SPAN͒ resulted in lower conductivity in comparison with PANI. Few new characteristics have been noted. 12, 13 X-ray photoelectron spectroscopy ͑XPS͒ of SPAN revealed that 50% of phenyl rings were sulfonated. 14 Another interesting approach has been made to incorporate sulfur groups in PANI structures. Copolymerization with substituted anilines bearing the sulfur group in the ring or N-position has been made. Successful copolymerization of aniline with metanilic acid 15 in aqueous H 2 SO 4 medium produces a copolymer that can retain redox activity up to a pH of 12, six units higher than that of pure PANI. Also, this copolymer showed better thermal stability than PANI. 16 The electrochemical copolymerization of aniline with aniline-2,5-disulfonic acid resulted in a copolymer with stable conductivity ͑0.34 S/cm͒ in a wide pH range ͑up to pH 9͒. Copolymerization of 2,5-diaminobenzenesulfonic acid with aniline was performed on a different type of electrode, an IrO 2 coated electrode from this laboratory, to produce a copolymer containing sulfonate group. 17 By means of XPS, the influence of dopant ions on the N 1s core-level lines of the copolymer has been demonstrated. Photoelectrochemical and spectroscopic studies have been made on the copolymer prepared with aniline and orthanilic acid 18 and also on o-methoxyaniline with orthanilic acid. 18 These studies showed that only a thin insulating layer could be deposited during copolymerization and the formed copolymer was soluble in neutral pH. Another report is available on the preparation of a polymer in which a sulfur-containing heteocyclic group, like 2-͑4-aminophenyl͒-6-methylbenzothiozole 19 was linked to PANI. The reversible-S-S-oxidation/reduction reaction as expected for 2,5-dimercaptothiadazole and 1,3,5-trithiocyanuric acid played an important role in using polyaniline-based composites as cathode materials in batteries [20] [21] [22] with a specific energy of over 600 Wh kg
Ϫ1
. It was known that the amines are capable of activating the redox characteristics in the above type systems. [23] [24] [25] Naoi et al. 26 electropolymerized a number of organic disulfide/polysulfide compounds while attempting to improve charge/discharge performances of the resulting materials. They tried to activate the redox behavior of disulfides by combining with suitable catalyst or with modifications in structure. It has been reported that electropolymerized polyaniline acts as an effective catalyst to activate the redox properties of 2,5-dimercapto-1,3,4-thiodiazole. [27] [28] [29] While extending these studies, a preliminary report on the electrochemistry of 2,2-dithiodianiline ͑DTDA͒ was made. 30 The wide scope of tuning different properties of PANI encouraged us to explore the possibility of copolymerizing aniline with an aniline derivative having S-S links in it ͑DTDA͒. The presence of two -NH 2 groups along with S-S link would introduce a newer structure for the copolymer, resulting in different characteristics than PANI.
The present work describes the electrochemical copolymerization of aniline with DTDA by cyclic voltammetry to synthesize and concomitantly analyze the electrochemical properties of the copolymer. The XPS and scanning electron microscope studies supported the hypothesis of the incorporation of DTDA units in the copolymer to result in an -S-S-link in the backbone of the PANI structure.
Experimental
Reagent grade aniline ͑Merck͒ was doubly distilled and the resulting colorless liquid was kept under nitrogen in darkness at 5°C. DTDA ͑Fluka͒ was used as received. A 2 M solution of H 2 SO 4 was prepared from concentrated H 2 SO 4 ͑Merck͒.
Synthesis of copolymer.-Electrochemical synthesis and cyclic voltammetric studies were performed on a PGSTAT20 electrochemical analyzer ͑AUTOLAB Electrochemical Instrument, The Netherlands͒. A three-electrode cell assembly was utilized with Ag/ AgCl ͑in 3 M KCl͒ electrode as reference. Platinum wire was used as counter electrode. A platinum foil of 1 cm 2 area was used as the working electrode. A Luggin capillary, whose tip was set at a distance of about 1 mm from the surface of the working electrode, was used to minimize errors due to iR drop in the electrolytes. All syntheses and measurements were performed under nitrogen atmosphere. The potentials are reported here in terms of Ag/AgCl reference electrode.
For the electrochemical copolymerization studies, mixture of DTDA and aniline ͑ANI͒ at varying feed ratios was used in 2 M H 2 SO 4 . Electropolymerization was achieved by cycling the potential in the range 0.0 to 0.8 V for 100 cycles with a sweep rate of 50 mV/s and the cyclic voltammograms ͑CVs͒ were recorded simultaneously with the synthesis.
The deposited films of polymers were then placed in a monomerfree background electrolyte ͑2 M H 2 SO 4 ͒ and CVs of the film coated electrode were recorded after obtaining the stable cyclic voltammetric pattern. For other characterization purposes, the copolymer was prepared in bulk by potentiostatic ͑0.8 V͒ method.
Scanning electron microscopy (SEM).-SEM micrographs of PANI and copolymers were taken by a Philips XL-40 FEG scanning electron microscope. For SEM examination, the polymeric films were removed from the cell, rinsed with 2 M H 2 SO 4 , and then finally dried in air.
XPS.-The XPS measurements were performed with ESCA 210 and MICROLAB 310D ͑VG Scientific Ltd.͒ spectrometers. XPS spectra was recorded with Mg K␣ (h ϭ 1253.6 eV) irradiation as the photon source with a primary tension of 12 kV and an emission current of 20 mA. Analysis chamber pressure during the scans was kept approximately at 10 Ϫ10 mbar. Polymer films were made by electrochemical deposition on the platinum electrode by a potentiostatic ͑0.8 V͒ method and were treated with aqueous NH 3 solution for several hours to get the reduced form. The green film changed to blue in this process. Again, the film was redoped in 1 M HCl to obtain a green deposit. The film was washed with distilled water and used for XPS measurements.
Results and Discussion
The present study aims to investigate the possibility of copolymer formation between ANI and a substituted ANI, DTDA, containing a -S-S-link in its structure. This would introduce a new type of conducting structure with incorporation of a -S-S-group to conjugate the aromatic ͑arylene͒-type structure with an inbuilt additional characteristics of PANI. The presence of a S-S link in addition to the two -NH 2 groups in the structure of DTDA provides different environments for follow-up chemical reactions when DTDA is copolymerized with ANI. Three distinct oxidation peaks ͓Fig. 1 ͑a͒ 0.28, ͑b͒ 0.56, and ͑c͒ 0.64 V͔ could be noticed during the polymerization with progressive increase in the peak current values. This indicates building up of materials on the surface of the electrode. 31 A green deposit was seen on the surface of the electrode. Marginal shifting of the potentials was noticed with increase in the number of cycles. The oxidation peaks during the copolymerization of ANI with DTDA were found to be different from the peaks corresponding to PANI growth ͑0.24, 0.53, and 0.61 V͒. This was ascertained by performing homopolymerization of ANI under the conditions similar to the copolymerization.
To ascertain the hypothesis of copolymer formation, homopolymer of DTDA and polyDTDA, ͑PDTDA͒ were deposited individually in the same medium. Despite the restricted solubility of DTDA in aqueous 2 M H 2 SO 4 ͑up to 8 mM͒ interesting observations were made. The homopolymerization of DTDA tried under the same potential window as used for the copolymerization resulted in only a limited growth of the polymer, PDTDA, on the electrode. The CVs of the repetitive cycles for DTDA polymerization ͑Fig. 3͒ have two identifiable redox processes in the potential ranges, 0.38 to 0.40 V and 0.50 to 0.55 V, respectively. The peak current values were low and did not vary much with number of cycles. However, no coloration was noticed near the electrode surface and the medium did not become colored as was noticed earlier for the ring sulfoxysubstituted anilines. 12, 13 This indicated the adherent deposition of electroinactive film on the electrode surface without any dissolution of oligomeric species. It is now relevant to compare our results with the earlier work 30 on electropolymerization of DTDA. Naoi et al. 26 electropolymerized DTDA in a mixed electrolyte system consisting of 0.2 M HClO 4 and 0.4 M LiClO 4 with CH 3 CN-H 2 O solvent. With a high anodic potential limit ͑ϩ1.20 V͒, they observed redox processes corresponding to PANI side chains at ϩ0.7 V with a scan rate of 50 mV/s. In the present study, this redox behavior was observed in the potential range of 0.5 to 0.55 V in 2 M H 2 SO 4 .
Turning to copolymerization studies ͑Fig. 1͒, surprisingly, the peak current values of the redox processes are found to be much higher in any cycle ͑Ͼ2͒ than during PANI and PDTDA depositions. Taking into account the peak current values as a measure of amount of material deposited, 32 different explanations can be thought of for the increased amount of polymer deposition under this condition. The autocatalytic growth of PANI itself 33 cannot give rise to this behavior. This is clear from the fact that when DTDA and ANI were together, a totally different CVs for the growth ͑Fig. 1͒ was noticed in contrast to PANI deposition ͑Fig. 2͒. The possible incorporation of the DTDA units in the growing polymeric backbone to result copolymer becomes the other choice for consideration. This proposal seems to be dominantly operative here and this aspect is further substantiated through other results and characterizations. The detailed discussion is presented below.
Reaction scheme for copolymerization.-The three redox processes noted for the copolymer deposition can be assigned for different electrochemical characteristics from PANI. The first oxidation peak ͑a͒ characteristic of interconversion of leucoemeraldine to emeraldine through polaron formation showed a positive shift to 0.04 V from PANI reactions. 34 This positive shift in the first oxidation peak indicates the incorporation of DTDA units in the PANI structure with -S-S-links makes the interconversion of leucoemeraldine to emeraldine more difficult by influencing the resonance stabilized form of cation radical ͑Scheme 1, Reactions 1-3 for PANI and Reactions 4-6 for the copolymer formation͒. This will reduce conjugation length of the backbone structure. 35 The larger cathodic and anodic peak separation ͑0.24 V͒ in comparison with PANI also infers the irreversibility of such interconversions in contrast to PANI.
This information can be better analyzed by proposing the possible reaction to explain copolymer formation ͑Scheme 2͒. During DTDA polymerization, in the first cycle, an oxidation loop appears ͑not a well defined peak, may be due to the low concentration of DTDA͒ as similar to ANI oxidation. This suggests that DTDA can simultaneously be oxidized with ANI. Based on chemical reactivates, several reaction possibilities would arise for the formed anilinium cation radical ͑A, Reaction 7͒ and DTDA cation radical ͑B, Reaction 8͒. Before discussing the probable reactions between A and B or the product derived from chemical reactions of A and B, it is worthwhile to consider the possible reactions of B when DTDA alone is polymerized. The results of the study will also be helpful to explain the reason for the enhanced growth for the copolymer deposition as noticed by the higher peak current values for copolymer deposition ͑Fig. 1͒ in comparison with the PANI or PDTDA cases.
The oxidation peaks appearing after a few potential cycles during DTDA polymerization can be assigned for the radical cation formation ͑B͒ ͑Scheme 2͒, and oxidation of head/tail-type of addition intermediates, respectively, 34 on similar line with PANI reactions. Beside that, the formation of a dication diradical from intermediates can occur at the second potential ͑0.50 to 0.55 V͒ range. 34 However, the dication radical cannot have resonance form as in the case of PANI. This arises as a consequence of the presence of the -S-S-link in the structure. When the oligomers are formed, the number of NH 2 units in the growing chain increases. This causes a branched structure without much electroactivity and restricted the aryl aminequinone imine conversions ͑Scheme 2, Reactions 8, 11, and 12͒. In the branched structure, further addition of DTDA monomer units becomes difficult due to steric hindrance. This restricts further growth. The observed limited growth of PDTDA ͑Fig. 3͒ implies this. Now, it is appropriate to visualize the situation of incorporation of DTDA units when aniline units are also present in the backbone to result the copolymer ͑Scheme 2͒. Toward this, experiments were designed in this study to monitor the growth rate of the copolymer deposition, peak potentials, and electrochemical behavior of the films. This was made by performing electropolymerization with different feed ratios of the copolymer. The observed results are used here to justify the proposal of extensive branching during copolymerization of DTDA with ANI.
Effect of DTDA on growth rate.- Figure 4 represents the CVs recorded during the growth of the copolymer films corresponding to the different feed ratios of DTDA. The peak current values of the three redox processes are found to be much higher than for the PANI and PDTDA growth under identical conditions. This trend was noticed when the DTDA mole fraction was increased to 0.03 in Journal of The Electrochemical Society, 148 ͑2͒ D9-D17 ͑2001͒ D12 the copolymerization feed. The increase in growth was ascertained by performing separately the homopolymerization of the respective monomers ͑DTDA and ANI͒. Also, a higher amount of material deposition was noticed right from the early stages of polymerization.
The plot of peak current ͑taken as a measure of amount of polymer deposited͒ vs. number of cycles ͑Fig. 5͒ revealed that the growth rate ͑slope of the curve͒ was found to increase with DTDA addition in these conditions. The enhanced rate for the copolymer deposition can now be explained by taking into consideration of reaction possibilities of DTDA as discussed earlier ͑Scheme 2͒. The simultaneous incorporation of DTDA and aniline units ͑Scheme 2, Reactions 13-15͒ facilitates branching and causing the enhanced growth rate. 17 The ANI units after the incorporation of DTDA units can be present not only in the main chain but also in branches. However, the electrochemical interconversion of leucoemeraldine to emeraldine PANI structure in the copolymer becomes difficult in this environment ͑as noticed by the higher oxidation potential͒. At the potential ranges corresponding to peak c ͑Fig. 4͒ the oxidation of -NH 2 units of head-to-tail added oligomeric DTDA may take place ͑as observed in the homopolymerization of DTDA, peak II͒ resulting an extensive branching through followup chemical reactions with -NH 2 ϩ species available in PANI structure. These reactions can cause more amount of polymer formation. As the concentration of added DTDA increases from 1 to 3 mM in the feed of polymerization, these reactions become dominant. Hence, with low concentration of DTDA, it can be oxidized as shown in Scheme 3, Eq. 16, which forms a branch on the PANI chain, and then can further extend the chain growth. However, with high concentrations of DTDA, it is predominantly oxidized as shown in Scheme 2, Eq. 8, which acts as a chain growth terminator at the chain end. This may be the reason for the decrease growth rate at higher feed ratios of DTDA.
The CV pattern of the copolymer resembles PDTDA ͑Fig. 6͒ under the conditions of copolymerization of ANI with a DTDA concentration Ͼ3 mM. Otherwise, for the same concentration of ANI in the absence of DTDA, PANI growth was observed. The total suppression of PANI behavior even in the presence of high feed ratio of ANI and transformation to a PDTDA-like CV pattern during copolymerization clearly indicate the role of DTDA in altering the structure. As a consequence of this transformation, a change in trend toward growth rate was noticed. For higher concentrations of DTDA in the feed ͑Ͼ0.03͒, a decrease in the growth rate was noticed. This can be seen from the decreasing slope of the peak current vs. number of cycles ͑Fig. 7͒.
The solubility of electrochemically deposited copolymer was tested in n-methyl pyrrolidone, dimethylformamide, tetrahydrofuran, acetone, and ethanol. It was found that the doped form of the copolymer was insoluble in all these selected solvents. This may be due to extensive branching/cross-linking possibilities in the structure during copolymer formation ͑Scheme 2͒. The solubility was also tested by converting the copolymer film into the neutral form by treating with aqueous NH 3 . The undoped form showed slight solubility in these solvents ͑Table I͒.
Electrochemical behavior of copolymer film.-More evidence for the formation of copolymer with DTDA units in the structure have also been obtained. CVs of the films deposited with mixture of monomers are not the simple superimposed CVs of the individual PDTDA and PANI films. The CVs of deposited PDTDA, PANI, and the copolymeric films were recorded by reversibly cycling the potentials in monomer-free background electrolyte ͑Fig. 8͒. Additionally, there exists a change in the charge transport mechanism in copolymeric films in comparison with PANI films. The films deposited with different DTDA concentrations in the copolymerization showed differences in charge transport. To explain this, a plot of anodic peak current ͑first oxidation potential͒ vs. sweep rate (v) was made. The double logarithmic plots between peak current vs. v ͑Fig. 9͒ were found to be linear with different slope values. For the copolymer films deposited with increasing DTDA, the slope values showed a decrease from 0.854 to 0.583. It is interesting to note that the slope value for PANI films deposited under these conditions was found to be always unity. It is known that a linearity for the plot between peak current and v corresponds to surface bound transport process and a linearity for the plot of peak current vs. v 1/2 signifies diffusion controlled redox process.
This change of transport phenomena as observed here from the surface bound transport for PANI to the diffusion-controlled transport for the copolymer film indicates the effect of modifications in surface morphology as a result of incorporation of DTDA units in the copolymer. The observations made here are also consistent with the proposed branched structure for copolymer ͑Scheme 2͒. The incorporation of DTDA units in the copolymer resulted in a porous film. This makes the copolymer film show diffusion-controlled transport behavior. Similar transformations in the transport behavior was earlier reported 36 for poly͑aniline-co-N-butyl aniline͒ films and assigned as due to the compositional variations of the comonomers in the copolymer. The variations of peak potentials with respect to v were also tested for evaluating the differences between PANI and the copolymer. The peak potentials were found to be shifted with v in all the cases. The extrapolation to zero scan rate provides formal potential. This has been done here for PANI and copolymeric films ͑Fig. 10͒. From the extrapolation of the plot ͑Fig. 10͒ it was found that the formal potential ͑first oxidation͒ of the copolymeric films were different from PANI films suggesting changes in the film characteristics. Also, this peak potential showed shifting toward the oxidation potential of PDTDA film for the films deposited with higher DTDA concentrations in the feed of copolymerization. These results as indicated here are consistent with the transformation of CV pattern of copolymer films as similar to PDTDA film when DTDA concentration ͑Fig. 3 and 6͒ in the feed was higher than 3 mM.
XPS.
-Our intention is to analyze the possible incorporation of DTDA units ͑-S-S-links͒ in the copolymer. The possible interference from the dopant sulfate ion was therefore avoided. To ensure this, the film doped with sulfate ions was first converted into its neutral form by treatment with aqueous NH 3 for several hours. The film color changed from green to blue. Again, the film was converted into a doped one by treatment with 1 M HCl. The film was washed with distilled water and used for XPS measurements.
A few interesting features ͑Table II͒ could be noticed from a close comparison of XPS spectra ͑Fig. 11͒ of the copolymer and the PANI film deposited under identical conditions without DTDA in the feed of polymerization. One feature of importance in the copolymer film was the existence of low proportion of imine nitrogen in comparison with PANI. The deconvolution of the N 1s signal ͑399.4 eV͒ ͑Fig. 11͒ revealed that the imine proportion of copolymer ͑2.27%͒ is lower than that in PANI film ͑5.46%͒. This aspect was already evident from the CV data as a result of incorporation of DTDA units in the copolymer and indicates the difficulties in amine/ imine conversions. This proposal now finds support from XPS analysis. Also, a definite proportion of sulfur ͑0.6%, 164.0 eV͒ was observed which was absent in PANI film. The value of the N/S ratio ͑20.3͒ also suggested that the -S-S-links are not present in the main chain but are present as grafted units in side chain to result branched structure as shown in Scheme 2 for copolymerization. Scheme 2 describes the portion of the copolymer in which DTDA units are incorporated. The copolymer possesses a higher content of PANI groups also. This makes the sulfur content of 0.6% reasonable if one considers the whole structure consisting of ANI and DTDA units. There can be linear portions for the copolymer in which ANI units ͑more͒ and DTDA units ͑less͒ are present. In a simple scheme, with an intention to highlight the branching aspect, only the portion of the copolymer describing the branching possibility is given. The occurrence of oxygen can arise from hydroquinone side product formation by degradation of polymer. The lowering of oxygen content ͑10.6% for PANI and 9.21% for copolymer͒ also gives an indication that the imine proportion, which may undergo hydrolysis to give hydroquinone, is low in the copolymer. The deconvolution of the N 1s signal also showed a high percentage of positively charged nitrogen ͑39.79%͒ in comparison with PANI ͑27.3%͒ prepared under identical conditions. This indicates the ease of doping for the copolymer. The chlorine content in the copolymer ͑1.61%͒ and PANI ͑2.1%͒ exactly matches the protonated amine content, and hence, are assumed to be the counterion present in the polymer that compensates for the positive charge.
SEM.-Through the above discussions, we inferred that DTDA enters into the copolymer structure during copolymerization with ANI to result in a branched structure. A modification in growth rate was noticed in comparison with PANI deposition. This would consequently influence the morphology of the deposition in these two cases, copolymer and PANI film deposition. SEM was used to obtain structural information about the growth of polymeric films. The SEM micrograph shows that PANI film ͑Fig. 12͒ deposited with ͓ANI͔ ϭ 87.5 mM for 100 cycles on Pt electrodes exhibits a tubular form like an interconnected fiber structure mixed in a disordered way. Similar microstructures have been reported for PANI films prepared with H 2 SO 4 or HCl. 37 The presence of nonuniform fibrous structures indicated that these are the nucleating sites for polymer growth. The presence of two amino groups in DTDA activates branching during polymerization. The second amino group after radical cation formation ͑Scheme 2͒ acts as a nucleating site for growth of the chain in branches in comparison with linear main chains. This can cause different extents of branching in the polymer structure during copolymerization. This may be the reason for the occurrence of nonuniform fibrous structure during the growth of the copolymer. A close examination of SEM of copolymer film ͑Fig. 12b͒ reveals the definite modification from PANI. The morphology showed changes in terms of the fiber size and width. There is a smaller number of fiber structures with a decrease in length indicating the possibility of branched structure. These kinds of changes in morphology can arise from incorporation of DTDA units in the PANI structure, giving branching with a reduction in length of the chain as proposed in Scheme 2, Reaction 15 for copolymerization.
Conclusion
Copolymer films can be grown on a platinum electrode by employing ANI and DTDA in different feed ratios. Reaction schemes have been proposed to interpret the effect of DTDA on growth rate during copolymerization and the branched structure for the copolymer due to the incorporation of DTDA into PANI. The occurrence of diffusion-controlled charge transport for the copolymer films also favors the branched structure as shown in the reaction scheme. The incorporation of DTDA units hinders amine/imine interconversion in PANI structure giving a smaller proportion of imine in the copolymer as proposed in the reaction scheme. XPS results add evidence of imine content in the copolymer ͑2.27%͒ in comparison with PANI ͑5.46%͒. The presence of 0.6% of sulfur ͑164.0 eV͒ as evident from XPS results clearly reveals the incorporation of DTDA units in the copolymer. The higher value of the N/S ratio ͑20.3͒ indicates that -S-S-links are predominantly present in the side chain of the copolymer as grafted units giving branched structures as shown in the scheme. The observed modification in morphology through SEM is consistent with branched structure for the copolymer.
